Background: The aim of this proof of concept, prospective, randomized pilot trial was to investigate the effects of extracorporeal cytokine removal (CytoSorb®) applied as a standalone treatment in patients with septic shock. Methods: 20 patients with early (b24 h) onset of septic shock of medical origin, on mechanical ventilation, norepinephrineN10 μg/min, procalcitonin (PCT) N 3 ng/mL without the need for renal replacement therapy were randomized into CytoSorb (n = 10) and Control groups (n = 10). CytoSorb therapy lasted for 24 h. Clinical and laboratory data were recorded at baseline (T 0 ), T 12 , T 24 , and T 48 hours. Conclusions: This is the first trial to investigate the effects of early extracorporeal cytokine adsorption treatment in septic shock applied without renal replacement therapy. It was found to be safe with significant effects on norepinephrine requirements, PCT and Big-endothelin-1 concentrations compared to controls. Trial registration: The study has been registered on ClinicalTrials.gov, under the registration number of NCT02288975, registered 13 November 2014.
Background
Sepsis and septic shock is a devastating condition with mortality rates between 20 and 50% [1] [2] [3] . The pathophysiology of sepsis is remarkably complex, which explains the heterogeneous, often unpredictable clinical appearance of this condition [4, 5] . The process begins with the host's immune response triggered by various insults [6] . In sepsis, this response to an infectious insult becomes dysregulated, and cytokines, chemokines and other inflammatory regulators are released leading to an imbalance between the pro-, and anti-inflammatory forces. This condition is also referred to as a 'cytokine storm' [7] . The hypothesis that a cytokine storm may be responsible for the observed self-destructive sequence of events in sepsis forms the pathophysiological rationale of mass removal of circulating cytokines [8, 9] .
When basic therapeutic measures, such as early adequate resuscitation, source control and organ support fail to improve the patients' condition, additional therapeutic alternatives, called 'adjuvant therapies', are sometimes considered in order to improve outcome [9] . The most frequently investigated adjuvant therapies are: immunoglobulintherapy, endotoxin-binding Polymyxin B hemoperfusion, and high-capacity continuous blood-, and plasma filtration [10] [11] [12] . One of the recent adjuvant alternatives is extracorporeal cytokine adsorption with a device called CytoSorb® (CytoSorbents Corporation, New Jersey, USA) that became available in clinical practice in 2011. This is a high-flow, low-resistance cytokine adsorbent, containing specially developed polymer beads with a huge adsorption surface and adsorption spectrum between 5 and 60 kDa [13] .
There are over 100 case studies that describe the use of extracorporeal cytokine adsorption in many clinical scenarios, and in general, the effects are promising and the treatment well tolerated. With regard to the treatment of sepsis, clinical trials are lacking at present, and what we have are mainly small case series [14] [15] [16] [17] . There is also an international CytoSorb Registry, and recent data analysis on 198 patients indicate that observed mortality (65%) was substantially better compared to predicted (mean of 81%), and treatment was also shown to be safe [18] .
However, the treatment has mainly been used together with renal replacement therapy and no study has tested its effect when applied as an adjuvant therapy on its own.
Therefore, the aim of this prospective, randomized, controlled, proof of concept (i.e.: testing it as a standalone extracorporeal treatment without the need of renal replacement therapy), pilot study was to investigate the effects of early (started within 24 h after ICU administration), 24-h long cytokine-adsorption therapy on organ dysfunction and inflammatory response in patients with septic shock, and to provide further data on safety.
Materials and methods

Patients
All patients with septic shock of medical origin were screened for suitability for the study from January 2015 to December 2017 on a level III, 36 bedded multidisciplinary intensive care unit (ICU) in our university hospital. The inclusion and exclusion criteria were the following.
Inclusion criteria: Intubated, mechanically ventilated patients with suspected septic shock of medical origin; invasive hemodynamic monitoring guided demand for norepinephrine N10 μg/min; elevated lactate concentrations N2.0 mmol/L; and a procalcitonin (PCT) concentration ≥ 3 ng/mL were considered candidates for the study. Inclusion had to take place after the first 6 h at least of resuscitation and antibiotic therapy, when there was no improvement as indicated by steady or increased norepinephrine requirements, and study treatment should be commenced within the first 24 h after ICU admission or the onset of septic shock.
Exclusion criteria
Patients under 18 years of age; acute or chronic renal insufficiency requiring renal replacement therapy; pregnancy (β-hCG test positivity); operation in connection with the septic condition of the patient; end-stage cardiomyopathy; acute coronary syndrome; cardiogenic shock; hemato-oncological diseases; admission after cardiac arrest; immune-compromised patients due to HIV positivity and active AIDS or organ transplantation or on chronic steroid treatment (N10 mg/day prednisolone); thrombocytopenia (b20 G/L); other coagulopathies contraindicating extracorporeal therapies.
Randomization and interventions
Patients who fulfilled the entry criteria were randomized into CytoSorb or Control groups by sealed envelope block randomization (blocks of 10). Randomized envelopes were numbered and were opened one by one when including a patient. Random allocation sequence was created by IL. Randomization and patient enrolment was performed by FH, IL, NÖ and DT. Patients in both groups received standard treatment according to the institutional adaptation of the Surviving Sepsis Guidelines [19] . In addition to routine monitoring (such as 5-lead ECG, pulse oximetry, invasive arterial blood pressure measurement, hourly diuresis, temperature, end-tidal CO 2 , airway pressures, etc.), invasive hemodynamic monitoring by using the PiCCO technology (PiCCO, PULSION-Maquet, Germany) was also applied and hemodynamic management was guided accordingly. The main parameters assessed were: cardiac index (CI), pulse pressure variation (PPV), systemic vascular resistance index (SVRI) and extravascular lung water index (ELWI).
Patients in the CytoSorb group received a hemodialysis catheter inserted into a central vein (femoral, subclavian or internal jugular, as appropriate). Treatment was performed as instructed by the company's user guide. In short, CytoSorb was placed in a blood pump circuit using a renal replacement device (MultiFiltrate, Fresenius Medical Care, Bad Homburg von der Höhe, Germany), with heparin anticoagulation and a blood flow rate of 250-400 mL/min.
Measurements
First measurements (T 0 ) were performed right after inclusion (Control group) or after the start of extracorporeal cytokine adsorption therapy, then 12, 24 and 48 h later (T 12 , T 24 , T 48 ). At these time points blood samples were drawn and complete hemodynamic measurements as well as arterial and central venous blood gas analysis and determination of inflammation marker concentrations were performed. Serum PCT, CRP and bigendothelin-1 (BigET-1) were determined by the hospital's central laboratory. Sequential (Sepsis-related) Organ Failure Assessment (SOFA) scores were calculated to monitor organ dysfunction [20] .
Safety
Potentially, complications may be similar to that of any extracorporeal technique: related to central vein cannulation or bleeding due to anticoagulation, but the extracorporeal cytokine adsorption therapy itself may also provoke an unexpected allergic response, or other effects which may affect organ function. In order to assess safety, regular analysis of clotting, and organ function were assessed.
Statistical analysis
As this was meant to be a proof of concept pilot study, investigating the safety and potential clinical effects of the treatment, the original idea was to include 20 patients (10 in each group). Power calculation was not performed due to the lack of similarly designed studies in the literature at the time when the study protocol was written. In fact, the aim of this study was to provide data for power calculations for future studies (hence the proof of concept, pilot fashion), to investigate certain clinical effects as the primary outcome but not mortality, as the latter would have required far higher patient numbers.
Data were primarily recorded in Microsoft Excel 2016. Data were analyzed using IBM SPSS 23.0 (Armonk, NY, USA) and Systat Software Inc. SigmaPlot 12.5 (London, UK). Shapiro-Wilk test was used to test normality. In case of demographic data, Student t-test or MannWhitney U test was applied. Analysis of variance (ANOVA) with Bonferroni post hoc test was used to compare the groups. The level of significance was defined as p b .05.
Results
Patients were included between January 2015 until December 2017. All patients with suspected septic shock were screened for eligibility ( Fig. 1) . From the relatives of those who fulfilled the inclusion criteria written informed consent was obtained before the study. In 3 cases we could not obtain consent, hence we extended the study to recruit 3 more patients (hence the total of 23) to reach the target of 10 per group.
Demography
Patients' demographic data are summarized in Table 1 . There was no significant difference between CytoSorb and Control groups regarding age, body mass index, days spent on the ICU and APACHE II scores. All patients survived the first day of the study. All patients survived the study period of 48 h in the CytoSorb group, but 2 patients died in the Control group just before the 48th hour time period, hence in these 2 cases the last available measurements were used for analysis, otherwise ICU mortality was similar.
SOFA scores
The SOFA scores in the CytoSorb group (T 0 = 13.6 ± 3.2; T 12 = 13.1 ± 3.6; T 24 = 13 ± 5.4; T 48 = 11.6 ± 6.3) did not differ significantly from the Control group (T 0 = 12.8 ± 3.9; T 12 = 12.9 ± 5.0; T 24 = 12.6 ± 5.9; T 48 = 11.0 ± 6.3).
Hemodynamic parameters
Results of the hemodynamic measurements are shown in Table 2 . There were no significant differences either within, or between the groups as far as mean arterial pressure (MAP), heart rate (HR), cardiac index (CI) and pulse pressure variability (PPV) were concerned. Extravascular lung water index (ELWI) was higher in the CytoSorb group and showed decreasing tendencies in both groups, but these differences did not reach statistical significance. Systemic vascular resistance (SVRI) decreased gradually in the Control group until T 24 , while it showed an increasing tendency in the CytoSorb group during treatment, although this did not prove to be significant. Patients in the CytoSorb group required almost twice the norepinephrine dose on entering the study as Controls, a difference that was not significant, but there was a significant decrease in this group (by almost 70% compared to baseline), which was not observed in the Control group (Fig. 2) . Patients received similar amount of fluid replacement over the study period.
Blood gas parameters
Lactate concentrations were elevated initially and decreased in both groups (Table 2) . Central venous to arterial CO 2 -gap (pCO 2 -gap) changed in opposite directions: decreasing in the CytoSorb and increasing in the Control group, but these changes did not achieve statistical significance. Similar values of ScvO 2 were observed in both groups.
Oxygenation, as indicated by PaO 2 /FiO 2 , were lower in the CytoSorb group and showed improvement by T 48 , which remained more or less unchanged in the Control group, although these changes remained non-significant. 
Biomarkers
Regarding CRP concentration, the CytoSorb and Control groups did not differ significantly and both groups showed a decrease by T 48 (Table 2) .
Regarding PCT (Fig. 3) , there was a significant decrease in both groups, however, the kinetics were different. In the Control group, a significant drop in PCT was detected at T 48 (p = .04 vs. T 0 ), while in the CytoSorb group this decrease was more pronounced and was already significant at T 24 and also at T 48 . BigET-1 was significantly decreased in the CytoSorb group by T 12 and T 24 as compared to baseline, and remained almost unchanged in the Control group (Table 2 ).
Adverse effects
Finally, we did not observe any adverse effects due to extracorporeal cytokine adsorption therapy.
Discussion
This proof of concept pilot study found that adjunctive therapy with standalone extracorporeal cytokine removal for 24 h during the early phase of therapy-resistant septic shock proved to be safe and also resulted some significant effects compared to the control group.
Clinical effects
In the current study, we did not observe any intervention related adverse events, hence 24-h adsorption therapy proved to be safe which is in accord with previously reported case series and clinical studies [21] [22] [23] [24] .
Though there were no significant differences in the SOFA scores between the groups at T 24 , but this may be a too robust outcome measure within such a short period of time and longer term improvements in overall organ function may require a series of treatments. Regarding the length and number of treatments and indicators for terminating extracorporeal cytokine adsorption therapy are very important questions to be answered in the future.
Mortality was 50% in both groups, however it wasn't the aim to show the effect of one single treatment on survival. Nevertheless, it may be important to note, that although patients looked more severe in the CytoSorb group, they all survived the 48 h of the study, while 2 patients died in the Control arm before reaching the 48 h.
One of the most important effects of extracorporeal cytokine removal treatment observed in the current study was the significant reduction in the need for vasopressor support, while in the Control group this change could was not shown. This finding was also supported by the measured SVRI values. Although the difference between the groups did not reach statistical significance, these results at least provide some physiological background that vasodilatation, most likely due to the overwhelming effects of pro-inflammatory cytokines, was better controlled in the treated group. This finding is in accordance with previously reported data, both in case series and in recent clinical studies [25] . It is also important to note, that the most profound effects were observed during the first 12 h of treatment, which has not been reported before.
Effects on biomarkers
There is a broad array of cytokines and biomarkers that can be measured. However, in clinical practice there are only one or two that are used routinely. Our choices were PCT and CRP, as these are measured in our everyday practice.
The adsorption spectrum of the capsule is between 5 and 60 kDa [13] . Besides the reduction in vasopressor requirement, the most significant effect of cytokine adsorption therapy compared to Controls was on PCT concentrations. Procalcitonin has a molecular weight of 13 kDa, hence CytoSorb may adsorb PCT directly. Indeed, as hypothesized, in the treatment group there was a significant decrease in PCT concentrations during the first 24 h, which was not observed in the Control group. By T 48 PCT decreased significantly in both groups, a pattern that has been observed in several studies when standard treatment is effective [26] . In a previous pilot study, where we measured PCT simultaneously before and after the cartridge, we reported that PCT is directly adsorbed by CytoSorb, and the adsorption is most effective during the first 12 h of treatment [27] . This explains why the PCT decrease was more pronounced in the CytoSorb group in the current study. This may also explain in part, why the norepinephrine requirement was reduced within the same time frame of 12 h after the commencement of extracorporeal cytokine adsorption therapy. These results suggest, that changing the adsorber after 12 h may prove to be beneficial, but this should be tested in the future. This is further supported by the finding, that after the discontinuation of extracorporeal cytokine adsorption therapy, PCT and norepinephrine tended to increase, although this change was not significant. These results also suggest, that the PCT kinetics that we have previously described to predict antibiotic appropriateness [30] , cannot be applied during extracorporeal cytokine adsorption treatment.
Nevertheless, the pathophysiological role of PCT in sepsis is not yet fully elucidated. PCT may be an important biomarker that indicates cytokine storm [28] , but may also be a toxic mediator in sepsis [29] . The results of this experimental study found that pre-treating animals with anti-PCT antigens, before infecting them with E-coli, improved mortality dramatically while all untreated animals died [29] . In the current study the decreasing PCT concentration was associated with improved clinical parameters such as lower vasopressor need and improved oxygenation. This is in accordance with our previous findings, that PCT kinetics significantly, and within a matter of 12-24 h, separated patients who received appropriate antibiotics compared to those who were administered inappropriate antibiotics, which was also reflected in better clinical outcomes [26] .
This observation of significantly reduced PCT concentrations somewhat contradict the results of a recently published clinical trial on extracorporeal cytokine adsorption therapy, in which the primary outcome was change in normalized IL-6-serum concentrations during study days 1 and 7, but which found no significant difference compared to controls [30] . However, in this study the authors used a different approach (6-h treatment daily), the patient population was also different, and they did not report on PCT concentrations or on norepinephrine requirements.
Extracorporeal cytokine adsorption therapy did not influence CRP concentration in our study. One of the reasons could be that although CRP as a monomer has a molecular weight of around 25 kDa, it is usually present as a pentamer, hence cannot be adsorbed by CytoSorb as efficiently as PCT. Furthermore, since CRP has a relatively long half-life and follows the inflammatory process with about 48 h delay, its use in monitoring the disease progress or treatment efficacy within a short period of time (12-24 h ) may be limited [31] .
In our study the natural precursor of endothelin-1, BigET-1 (4.2 kDa), decreased significantly in the CytoSorb group between T 0 and T 12 , T 24 . Previously BigET-1 was found to be markedly elevated in patients with severe sepsis compared to healthy volunteers, and its higher concentrations were in correlation with increased serum IL-6, IL-8 concentration and renal failure [32] . Our results are in accordance with these findings and hypothesize that there may be a link between the observed reduced BigET-1 concentrations and the higher SVRI and reduced norepinephrine requirement. Nevertheless, this should be investigated further.
Limitations
This study has several limitations. First of all, the sample size is far too small to draw any firm conclusions regarding treatment effect on organ function or outcome. Furthermore, our findings may not be generalizable to other institutions with different patient populations or clinical practices, and do not provide any data on long term adverse events (i.e.: safety) and outcome. Power analysis was not performed due to the lack of similarly designed studies with such strict criteria set to obtain a relatively homogenous group of patients. By reason of the diversity of septic shock patients, it took us N2 years to include 20 out of 716 screened subjects. Furthermore, despite all efforts heterogeneity was still present as indicated by the huge scatter of biomarker concentrations and patients seemed to be sicker in the CytoSorb group.
It would have been desirable to measure an array of cytokines, preferably before and after the adsorber, but due to technical difficulties and financial limitations this could not be achieved.
Conclusions
To our best knowledge, this is the first study, in which extracorporeal cytokine adsorption treatment was tested on its own, and not combined with other extracorporeal renal replacement therapies in a controlled trial. In this proof of concept pilot study, extracorporeal cytokine removal was applied for 24 h in the early stage of septic shock. The treatment proved to be safe, and we also found that one single treatment already showed some benefits as indicated by reductions in norepinephrine requirements, serum PCT and BigET-1 compared to Controls. These results may provide important support and guidance to future protocol designs and can help to define the appropriate study end points and sample size calculations of clinical trials that aim to investigate the effects of cytokine removal in patients with septic shock.
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